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Abstract

This paper proposes a plasma shape controller for JT-60SA based on the eXtreme Shape Controller approach originally
implemented for the JET tokamak. The controller is designed using the CREATE linear model for the plasma-circuit
response. JT-60SA represents a relevant benchmark to further validate this control approach given the high beta regimes
that are envisaged during its operation. Indeed, such regimes represent a challenge from the plasma magnetic control
perspective.

The performance of the proposed controller has been assessed with the aim of defining an optimal set of gaps to be
controlled. The capability of tracking different plasma shapes, as well as the one of rejecting disturbances has been
considered. The result of this analysis suggests that a set of about 20 gaps equally spaced along the plasma boundary
permits to control the shape with a steady-state root-mean square error of less than 1 cm during the flattop of JT-60SA
Scenario 2, for the considered test cases.
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1. Introduction1

The Satellite Tokamak Programme (STP) is the main2

project within the Broader Approach agreement. The3

STP includes the construction of the JT-60SA supercon-4

ductive tokamak and its exploitation as an ITER “satel-5

lite” facility [1]. In view of JT-60SA operations, Japanese6

and European scientists are developing different tools to7

support preliminary studies. In this context, a set of mod-8

elling tools for the design and the validation of plasma9

magnetic control have been developed [2].10

Plasma magnetic control is needed since early tokamak11

operations to drive the currents in the external active coils,12

in order to achieve plasma breakdown and to track the13

scenario current waveforms. In [3], the CREATE electro-14

magnetic modelling tools were used to design and validate15

a set of control algorithms for JT-60SA. An isoflux ap-16

proach was proposed for plasma shape control, similarly17

to what has been done in [4, 5] and [6]. In particular, the18

control design procedure used in [3] is based on the eX-19

treme Shape Controller (XSC) approach, which has been20

adopted at JET since 2003 [7], and has been recently used21

to obtain high triangularity shapes with both strike points22

in the divertor corner, which has a large impact in the H-23

mode confinement in the case of ITER-like wall at JET [8].24

In this work, the XSC approach is used to design a25

gap-based plasma shape controller for JT-60SA1. Indeed,26
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1It should be noticed that the isoflux strategy is the only viable

solution for plasma boundary control at a beginning of a plasma
discharge. Indeed, at relatively low values of plasma current, the
noise on the magnetic measurements usually causes a relatively big

JT-60SA represents a relevant benchmark to further vali-27

date the gap-based control approach, given the high beta28

regimes that are envisaged during its operation, which29

represent a challenge from the plasma magnetic control30

perspective.31

Different test cases are considered to assess the perfor-32

mance of the proposed shape controller, with the aim of33

defining an optimal set of gaps to be controlled. In par-34

ticular, the capability of tracking different plasma shapes,35

as well as the one of rejecting the envisaged disturbances36

is considered.37

The rest of this paper is organized as follows. Section 238

briefly introduces the XSC control strategy, while the ref-39

erence scenario considered to assess the performance of the40

gap-based controller is introduced in Section 3, as well as41

the various disturbances used to run the simulations. The42

main contribution of this paper is then given in Section 4,43

where the results of the simulations that have been car-44

ried out to assess the controller performance are presented.45

Some conclusive remarks are eventually given.46

2. Gap-based algorithm for plasma shape control47

at JT-60SA48

In this section the XSC control algorithm is briefly re-49

called. This algorithm is used in Section 4 to evaluate the50

steady-state performance of the plasma shape controller51

under different choices for gaps to be controlled. It is52

error on real-time plasma boundary reconstruction. For this reason
at the beginning of the discharge, isoflux control is usually adopted.
However, gap-based control may enhance the flexibility of the plasma
shape controller at the flattop.
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Figure 1: Poloidal cross-section of the JT-60SA plasma at the Start
of the Flat Top (SOF) for reference Scenario 2. At SOF, the nominal
plasma current is 5.5 MA, while the nominal values for poloidal
beta βp and internal inductance li are 0.53 and 0.85, respectively.
In this figure the 85 gaps used to assess the plasma shape controller
performance are shown.

worth to remark that the XSC is just one of the possi-53

ble control strategies, and that it can be adopted both54

for gap-based (as in JET [9]) or for isoflux plasma shape55

control (as at EAST [10]). The peculiarity of the XSC56

approach is that it permits to control a number of plasma57

shape descriptors that is greater than the number of avail-58

able actuators, i.e. of Poloidal Field Circuits (PFC). More59

details about the XSC algorithm can be found in [11].60

Fig. 3(a) shows a poloidal cross-section of JT-60SA to-61

gether with the gaps used in this paper for the assessment62

of the plasma shape control. The gaps are segments that63

can be used to describe the shape of the plasma boundary.64

Being gi the abscissa along the i-th control segment, we65

assume that gi = 0 at the first wall. Gap-based plasma66

shape control is achieved by controlling to zero the dif-67

ference giref − gi on a sufficiently large number of gaps,68

being giref the value of the abscissa on the i-th control69

segment for the reference shape.70

The XSC algorithm can be used either to implement a71

gap-based control strategy, or an isoflux one, as it has been72

proposed in [3]. The peculiarity of XSC is that it permits73

to track a number of shape parameters larger than the74

number of PFC. This goal is achieved by minimizing a75

weighted steady-state quadratic tracking error, when the76

references are constant signals, rather than control it to77

zero.78

The XSC control relies on the PFC decoupling con-
troller (more details can be found in [3, Section 4.4]), since
it is assumed that each PFC can be treated as an indepen-
dent single-input-single-output channel whose dynamic re-

sponse is modeled in the Laplace domain by

IPFi(s) =
IPFref ,i

(s)

1 + sτPF
,

where IPFi
and IPFrefi

are the Laplace transform of the79

measured and reference current in the i-th PFC, respec-80

tively, and where it is assumed that all the PFC exhibit81

the same bandwidth (i.e., they have the same time con-82

stant τPF ).83

Denoting by δY (s) the Laplace transform of the varia-
tions of the nG gaps to be controlled, it is possible to ex-
ploit the CREATE electromagnetic linear model [3] that
links the variation of the PFC reference currents δIPFref

to δY (s), i.e.

δY (s) = C
δIPFref

(s)

1 + sτPF
,

which, at steady-state, implies δY (s) = CδIPFref
(s).84

If the number of controlled plasma shape descriptors nG
is such that nG > nPF , the XSC computes the additional
current references as

δIPFref
= C†δY . (1)

where the matrix C† denotes the pseudo-inverse of C that
can be computed via the singular value decomposition
(SVD). As a result, the XSC algorithm minimizes the fol-
lowing steady-state performance index

JXSC = lim
t→+∞

(δYref − δY (t))T (δYref − δY (t)) , (2)

where δYref are constant references for the geometrical85

descriptors. When the SVD of the C matrix is used to86

minimize (2), it may happen that some singular values87

(depending on the plasma configuration) are one order88

of magnitude smaller than the others. This fact implies89

that minimizing the performance index (2) retaining all90

the singular values results in a large control effort at the91

steady-state, that is a large request on some PFC currents92

which have only a minor effect on the plasma shape. In93

order to minimize also the control effort, the additional94

references (1) are generated by using only the n̄ < nPF95

linear combinations of PF currents which are related to the96

largest singular values of the C matrix. This is achieved97

by using only the n̄ singular values when computing the98

pseudo-inverse C†.99

Moreover, the PFC current variations given by (1) are100

summed to the scenario currents and sent to the PFC101

decoupling controller as references to be tracked. It is102

worth to remark here that the dynamnic behaviour of the103

XSC is improved by adding a set of proportional-integral-104

derivative (PID) controllers on each PFC channel (see [11]105

for a complete description of the XSC control scheme).106

3. Reference scenario for the performance assess-107

ment108

This section introduces the reference scenario consid-109

ered in this paper. Furthermore, the test cases used in Sec-110

tion 4 to assess the performance of the considered shape111

controller by means of simulations, are also presented.112

These test cases include a set of envisaged disturbances113

to be rejected, which have been taken from [6] and [12].114
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The considered scenario is the so-called Scenario 2115

which is one of the references used for the design of JT-116

60SA [12, Sec. 1.2].117

In particular, Scenario 2 refers to a 5.5 MA inductive118

lower single null discharge, whose reference shape at Start119

of Flattop (SOF) is shown in Fig. 3(a). Given the magnetic120

equilibrium at SOF, using the CREATE codes [13, 14] it121

is possible to retrieve a linearized model that describes122

the plasma magnetic behaviour around that equilibrium2.123

The nominal values for the plasma current, the poloidal124

beta and the internal inductance for Scenario 2 at SOF125

are Ipeq = 5.5 MA, βpeq = 0.53, and lieq = 0.85.126

The linearized model of Scenario 2 at SOF has been used127

to design the proposed gap-based shape controller, as well128

as to assess its performance via simulations. In order to129

perform the latter task, the following set of disturbances130

have been considered. It should be noticed that, as far131

as plasma magnetic control is concerned, the disturbances132

have been modeled has variations of βp and li.133

• Disturbance #1 refers to the behaviour of βp and li134

soon after the current flattop is reached, as it was135

modeled in [6] (in this paper we assume that the flat-136

top is reached at t ∼ 16 s). As an example, the cor-137

respondent time traces are shown in Fig. 23.138

• Disturbance #2 refers to the behaviour of βp due139

to the presence of an Edge-Localized Mode (ELM).140

As described in [12, p. 34], during the flattop an in-141

stantaneous drop in βp of 0.05 βpeq
is followed by and142

exponential recovery with a time constant of 0.05 s143

with a frequency 10 Hz. Note that for this distur-144

bance li does not change.145

• Disturbance #3 describes an instantaneous drop146

in li of 0.2 (lieq − 0.5) without recovery, simultaneous147

with a drop on βp of 0.2 βpeq
followed by a recovery148

exponential time of 1 s [12, p. 34], which are typical149

of a so called minor disruption.150

4. Performance assessment151

In this section we summarize the results of the analysis152

aimed at assessing an set of gaps to be controlled, which153

represents a good trade-off between performance of the154

shape control and number of controlled variables.155

In order to perform the above mentioned assessment,156

all around the first wall an equally spaced distribution157

of 85 gaps was considered as shown in Fig. 3(a). It should158

be noticed that all different selections of controlled gaps159

considered in this paper include the two vertical gaps in160

the divertor zone, which allows to control the strike-points,161

and hence the position of the X-point.162

Other than the whole set of 85 gaps shown in Fig. 3(a),163

in this paper three additional choices are considered. The164

first one is reported in Fig. 3(b), which consists of 20 gaps165

equally spaced along the first wall. Moreover, the selec-166

tion of 8 and 6 gaps that correspond with the control167

2For more details about the use of the CREATE equilibrium
codes to retrieve plasma linearized models, the interested reader can
refer to [3, Sec. 3].

3The time behaviour of both βp and li have been estimated start-
ing from the spatial profiles for both plasma density and temperature
envisaged for Scenario 2.
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Figure 2: Poloidal beta and internal inductance time traces for Dis-
turbance #1 that models the expected disturbance soon after the
plasma current flattop is reached (at t ∼ 16 s), according to what
has been considered in [6].

segments considered by the isoflux controllers presented168

in [4] and [5], respectively, have been also considered (see169

Figs. 3(c) and 3(d)).170

The comparison between the various considered gap sets171

for the considered test cases is summarized in Table 1.172

This table shows the root-mean-square error (RMSE) be-173

tween the reference shape and the shape obtained at174

steady-state after the occurrence of the disturbances. For175

all the cases reported in Table 1, the RMSE has been com-176

puted on the set of 85 gaps shown in Fig. 3(a), even when177

not all of them are controlled.178

It turns out that, according to this preliminary analysis,179

the rejection of the disturbances induced by ELMs is not180

an issues at JT-60SA, whatever is the set of gaps that is181

controlled.182

On the other hand, for the other two considered cases,183

at steady-state, the selection of 85 and 20 gaps have a con-184

siderable better RMSE in comparison with the selection185

of 8 and 6 gaps. As outlined in Table 1, the worst case186

corresponds to the selection of 8 gaps with the presence of187

Disturbance #3 (minor disruption) during the flattop. As188

an example, Fig. 4 shows a comparison of the steady-state189

shape obtained for the 8 and 20 gaps options. Fig. 5 shows190

the RMSE time traces for the case for Disturbance #3,191

and it can be noticed that the 20 gaps option gives better192

results with respect to the 8 and 6 gaps cases also during193

the transient, and not just in steady-state.194

Moreover, if we consider the two options with 85 and 20195

equally spaced gaps, it can be noticed that there is no196

practical difference. For these two options, whatever197

test case is considered there is no practical difference be-198

tween the reference shape and the one attained at steady-199

state. It follows that, within the considered configura-200

tions, the 20 gaps selection represents the optimal choice201

for the set of gaps to be controlled assuming a XSC-like202

control approach, since it guarantees RMSE along the203

overall plasma boundary at steady-state of less than 1 cm204

for the considered test cases.205
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(a) The 85 gaps used to assess
the performance of plasma shape
controller in Section 4.

0 1 2 3 4 5 6

R [m]

-4

-3

-2

-1

0

1

2

3

4

Z
 [
m

]

(b) The 20 gaps used to assess
the performance of plasma shape
controller in Section 4.
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(c) The 8 control segments by
the isoflux controller proposed
in [4].
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(d) The 6 control segments used
by the isoflux controller pro-
posed in [5].

Figure 3: Different choices for the set of controlled gaps used in Section 4.
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(a) Poloidal cross-section of JT-60SA.
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(b) Detailed view of the top region.
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(c) Detailed view of the divertor region.

Figure 4: Comparison of the shape controller performance in the presence of Disturbance #3 (minor disruption). The two cases of 8 and 20
gaps are considered.

Steady-state RMSE [mm]
85 Gaps 20 Gaps 8 Gaps 6 Gaps

Disturbance
#1

7.7 8.7 31.2 19.8

Disturbance
#2

∼ 0 ∼ 0 ∼ 0 ∼ 0

Disturbance
#3

6.1 7.8 26.9 16.3

Table 1: RMSE values for different choices of controlled gaps and
for the different test cases that have been considered in Section 4.
For all the reported cases the RMSE has been computed on the set
of 85 gaps shown in Fig. 3(a).

Conclusions206

A comparison between different sets of controlled gaps207

has been carried out in this paper, assuming a XSC-208

like approach for the plasma shape control, and a linear209

plasma response for the JT-60SA Scenario 2 plasma. Dif-210

ferent test cases have been considered to assess the con-211

trol performance, which has been evaluated on the basis212

of the RMSE between the reference shape and the one213

obtained by the controller at steady-state. The results214

of this preliminary study suggest that a set of about 20215
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Figure 5: RMSE time traces for the different gaps selections when
Disturbance #3 (minor disruption).

equally spaced gaps represent a good trade-off between216

steady-state performance and number of variables to be217

controlled, since it permits to control the shape with a218

steady-state RMSE of less than 1 cm for the considered219

test cases. Moreover, 20 controlled gaps is a result similar220
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to the one used at JET, where the XSC controls about 30221

gaps.222

The presented results also indicate that the selection223

of 8 and 6 shape descriptors proposed in [4] and [5] reveals224

a greater RMSE value for the considered test cases. This225

is due to the few number of controlled gaps, especially in226

the top and inner side regions.227

It should be remarked that, in order to further validate228

this preliminary results, the set of selected gaps needs to229

be tested also on JT-60SA relevant scenarios other than230

Scenario 2.231
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